antibody. These results suggest that there is an early and rapid innate immune response to nickel, which is mediated by NK cells and the NKG2D receptor. The significance of the innate response to nickel is that it may contribute to development of the late T cell-mediated delayed type hypersensitivity against nickel.
Introduction
Nickel is commonly found in coins, jewelry, and many other surrounding materials, but nickel is the most common occupational as well as environmental contact allergen (Basketter et al., 1993; Zug et al., 2008) . Nickel in metal prostheses used in orthopedic, dental, and other surgeries may also cause immune responses to nickel, preventing the patients from successfully maintaining the prosthesis (Saglam et al., 2004; Hallab et al., 2005) . In contact with biological system, nickel metal corrodes and releases nickel ions, the most common and stable form of which is Ni 2+ and is mostly present as NiCl2 or NiSO4, the nickel salts commonly used in the study of nickel allergy. About 20% of people show the immune responses to nickel ions in the skin patch test and some of them clinically develop nickel contact dermatitis (Mortz et al., 2001; Schafer et al., 2001; de Waard-van der Spek and Oranje, 2008) .
The immunological mechanisms underlying the allergic response to nickel are not well known, but the formation of metal-protein complexes are considered to elicit immune responses since a nickel ion is too small to be specifically recognized by T and B cell antigen receptors or immune receptors. Similarly to chemical haptens, metal ions interact with proteins and then become recognizable by T and B lymphocytes (Budinger and Hertl, 2000; Martin, 2004) . Whereas the description of nickelspecific antibodies is rare probably due to the diversity of proteins conjugated to nickel ion, several groups reported the presence of nickel-specific T cells (Kapsenberg et al., 1987; Silvennoinen-Kassinen et al., 1991; Sebastiani et al., 2002; Gamerdinger et al., 2003) . Those nickel-specific CD4 + and CD8 + T cells may explain the immunological pathogenesis of nickel contact dermatitis and immune response to nickel-containing metal im- Single cell resolution of nickel-induced IL-2, IL-4, and IFN-γ production in freshly isolated splenic cells as verified by measuring cytokine production using the ELISPOT assay. Each well was coated with given anti-cytokine antibodies, plated with 1 × 10 5 spleen cells, and incubated for 24 h in the presence of 200 μM NiSO4. Each cytokine-secreting cells were visualized by the biotinylated cytokine detection antibody, streptavidin-HRP, and HRP substrate.
plants since nickel-specific T cells have been repeatedly detected in sensitized human and animals. The immune response to nickel is regarded as an example of delayed type hypersensitivity model, especially if nickel was applied subcutaneously (Ishii et al., 1995) .
However, it is still not clear how initial immune responses to nickel can appear before the generation of nickel-reactive memory T cells. To avoid inappropriate immune responses to self components, the induction of T cell immune response requires preceding innate immune responses to invading microorganisms or tissue damages (Kroczek et al., 2004) . Innate immune responses against pathogen-or danger-associated molecular patterns provide costimulatory signals to antigenspecific T cells (Matzinger, 2002; Akira et al., 2006) , but if the costimulatory signals are not sufficient, antigen-specific T cells do not respond or are switched to become tolerant (Hawiger et al., 2004; Goodnow et al., 2005) . To the best of our knowledge, there were no reports that showed innate immune responses against metal ions. In fact, the nickel allergy was difficult to be established in the mouse model and could be more efficiently induced by the concomitant administration of lipopolysaccharide, a bacterial molecular pattern molecule (Sato et al., 2007) . In the current study, we intended to measure nickel-responsive T cells in the mouse spleen by using enzyme-linked immunosorbent spot (ELISPOT) analyses and unexpectedly found that there were a lot of nickel-reactive IFN-γ secreting cells among splenic cells even in the non-immunized mice. We further investigated the nature of nickel-reactive cells and provided evidences that they included natural killer cells (NK cells) by depleting NK cells or blocking a representative NK receptor, NKG2D.
Results

Abundant nickel-responsive IFN-γ secreting cells in mouse spleen
To investigate the nickel hypersensitivity, we first assessed the frequencies of nickel-reactive cells among splenocytes from untreated 6 week-old C57BL/6 mice by ELISPOT assay. Since the ELISPOT assay was performed by 24-h stimulation with NiSO4 and naive T cells usually require at least a few days for immune response, it was expected that only memory nickel-reactive T cells could respond to nickel ions and secrete cytokines. We measured the numbers of IL-2-, IL-4-, and IFN-γ-secreting cells since T cells participating in the immune response to nickel could be either Th1 or Th2 cells (Artik et al., 2001; Sebastiani et al., 2002) . Total splenic cells were isolated and then 1 × 10 5 cells were cultured in each well of ELISPOT plates with complete RPMI 1640 media and varying concentrations of NiSO4 for 24 h. Contrary to our expectation, a high frequency of nickel-reactive cytokine-secreting cells were detected upon NiSO4 stimulation in non-sensitized mice (Figure 1) . Although there were IL-2-or IL-4-secreting cells in the spleen, the IFN-γ-secreting cells outnumbered IL-2-or IL-4-secreting cells. The number of IFN-γ-secreting cells increased in a concentrationdependent manner as we assayed with increasing concentrations of NiSO4. Whereas the numbers of IL-2-or IL-4-secreting cells decreased in high With these results, we hypothesized that nickelreactive cells might be innate immune cells such as NK cells and γδ T cells, since they have a feature of memory lymphocytes and are responding to given antigens without previous sensitization. Especially, we paid attention to IFN-γ-secreting cells, which might be early-reacting NK cells.
No increase in the number of IFN-γ-secreting cells upon previous immunization of NiSO 4
The presence of a high frequency of IFN-γ-secreting cells in the spleen from mice grown in the SPF condition without any previous exposure to NiSO4 suggested that these cells might be innate cells. If they are innate cells, it is highly likely that the frequency of IFN-γ-secreting cells do not increase upon previous immunization of NiSO4. Therefore, we next estimated the number of nickelreactive IFN-γ-secreting cells in the spleens from NiSO4-immunized mice. 6-week-old C57BL/6 mice were immunized with 300 μl of 10 μM NiSO 4 admixed with alum. We assessed the frequency of nickelreactive IFN-γ-secreting cells in the spleens removed 2 weeks or 4 weeks after the immunization (Figure 3 ; results of immunization for 2 weeks shown). As compared to normal mouse controls, the number of nickel-reactive IFN-γ-secreting cells did not significantly increase in mice immunized with NiSO 4 for either 2 or 4 weeks. These findings further support that nickel-reactive IFN-γ-secreting cells shown in naive mice are innate cells and that they are not expanding upon the exposure to NiSO 4 .
IFN-γ-secreting cells are also seen in RAG-1-deficient mice and reduced in number by depletion of NK cells
Although nickel-reactive IFN-γ-secreting cells had characteristics of innate cells, there is still a possibility that they may be innate T cells such as NKT cells, γδ T cells or intraepithelial T cells. Since these innate T cells are absent from recombination activating gene (RAG)-1-deficient mice, we assessed nickel-reactive IFN-γ-secreting cells in spleens from RAG-1-deficient mice ( Figure 4 ). As shown in Figure 4B , we could observe that RAG-1-deficient mice contained nickel-responsive cells similarly to wild type mice. In the RAG-1-deficient mice, the number of nickel-reactive IFN-γ-secreting cells decreased with increasing concentrations of NiSO4 in contrast to wild type mice. However, the presence of nickel-reactive IFN-γ-secreting cells in RAG-1-deficient mice confirms that IFN-γ-secreting cells are innate cells, which develop independently of gene rearrangement. To delineate the type of innate cells that secrete IFN-γ in response to nickel further, we performed NK cell depletion experiments using anti-NK1.1 antibody. After scheduled injections of anti-NK1.1 antibody, we checked the frequency of nickel-reactive IFN-γ-secreting cells by the ELISPOT assay and confirmed partial depletion of NK cells by a flow cytometric analysis ( Figure 4A ). We could observe a dramatic decrease in the number of IFN-γ spots when spleen cells from NK cell depleted mice were used ( Figure 4B ). These results 
IFN-γ-secreting cells are diminished by blocking of NKG2D in RAG-1-deficient mice
NK cells possess many kinds of activating and inhibitory receptors and thus it is very difficult to find the molecular entity responsible for sensing the presence of small nickel ions or nickel-protein complexes. We assumed that the presence of unfriendly metal ions such as nickel might be stressful stimuli to antigen-presenting cells, macrophages and dendritic cells, and that those stress signals might be delivered to NK cells through the interaction between NKG2D and NKG2D ligands, which are upregulated upon various kinds of stresses on dendritic cells (Kim et al., 2004) . We tried to find any kind of activation of dendritic cells in response to nickel, but we could not find any significant evidences of upregulation of activationrelated molecules in a macrophage cell line, RAW-264.7, or splenic dendritic cells upon nickel stimuli (data not shown). To check the role of NKG2D in the NK cell responsiveness to nickel, we performed the ELISPOT assay in the RAG-1-deficient and wild type mice with or without the addition of anti-NKG2D antibody, which blocked NKG2D on NK cells ( Figure 5 ). Treatment of anti-NKG2D antibody significantly reduced the number of nickelreactive IFN-γ-secreting cells in both RAG-1-deficient and wild type mice. These results suggest that NKG2D may be at least a pathway of NK cell activation in the immune response to nickel.
Discussion
Metal ions such as Ni 2+ , Co 2+ , Cu 2+ , or Cr 3+ are haptens with a high immunogenic potential, as contact dermatitis caused by ionic metals occurs in about 10∼25% of human population (Basketter et al., 1993; Hegewald et al., 2005) . Among several metal ions, Ni 2+ represents the most common occupational as well as public contact allergen, with up to 10% skin test positivity among general populations in clinical studies (von Blomberg-van der Flier et al., 1987; Nielsen et al., 2002) . The responses of lymphocytes against metals are being increasingly recognized in many clinical situations, especially with the use of metallic biomaterials embedded in the body (Park et al., 2005) . The immunological mechanism underlying the immune response against metal ions is thought to be a kind of Th1 type immune response that elicit a delayed type hypersensitivity reaction (Loh and Fraser, 2003; Martin, 2004) . Then questions addressed are how nickel-specific T cells can be generated and why they differentiate into the Th1 cells in metal hypersensitivity patients.
Besides binding conventional peptide antigens, T cell receptors can specifically recognize peptides with modifications, which include phosphorylation (Zarling et al., 2000) , glycosylation (Haurum et al., 1999) , and association with metal ions (Budinger and Hertl, 2000) . Metal-specific T cells may recognize a preformed complex of metal in association with MHC and bound peptide. In the case of nickel, several nickel-specific T cell clones were described and the basis of nickel recognition by some of them was analyzed. One of those T cell clones recognized Ni 2+ in the context of HLA-DR52c, but it required unknown specific peptide generated in B cells (Lu et al., 2003) . Another clone recognized Ni 2+ very promiscuously with a variety of MHC class II molecules containing the histidine am ino acid residue at the position of 81 (Gamerdinger et al., 2003) . Furthermore, its Ni 2+ recognition did not require specific peptides, but this type of antigenic recognition was different from that of superantigen recognition by T cell receptor β chain in that this Ni 2+ recognition was coordinated by two essential amino acid residues in the CDR1 and CDR3 region of the T cell receptor α chain (McKay, 2001; Lu et al., 2003) . In any cases, the frequency of nickelspecific T cells appears to be similar to that of given peptide-specific T cells and expansion of nickelspecific cells appears to require previous exposure to the nickel conjugated with MHC or antigenic peptide.
To understand the nickel responsiveness, critical nickel-binding proteins need to be elucidated. Although nickel is used for normal biological functions in some microbes, nickel has no known normal biological functions in vertebrates. However, nickel is a transition metal that forms coordination complexes with histidine, aspartate or glutamate residues, having a potential to influence the functions of many proteins. The nature of the proteins that associate with the nickel ions and activate the immune system is important to understand the pathogenesis of nickel hypersensitivity. In the biological fluid, Ni 2+ ions are associated with proteins such as albumin (Thierse et al., 2004) and may be released or transferred to other proteins including immunoregulatory molecules such as MHC. To the best of our knowledge, the Ni 2+ -derivatized MHC is so far the only molecule that can activate the immune system as described above. The molecular entity to activate NK cells are not known yet, but we discuss here some possible molecular mechanisms for NK cell activation by nickel. The first hypothesis we tested was that nickel ions may activate dendritic cells or macrophages in an unknown stress-sensor pathway and that the stress may activate NK cells through the NKG2D receptor (Kim et al., 2006) . With our hands, we could not observe any activation of macrophages and dendritic cells by the treatment with nickel ions. The second is that Ni 2+ -derivatized MHC may also activate NK cells directly. In this case, the modification of MHC may occur extracellularly, and it may activate NK cells through the NK cell recognition of modified MHC molecules by activating NK receptors and/or loss of recognition of normal MHC molecules by inhibitory NK receptors (Sambrook and Beck, 2007; Lanier, 2008) . The third may be a possibility of other cell surface proteins that associate with nickel ions and activate the activating NK receptors. Our results that the blockade of NKG2D reduced the number of nickelresponsive IFN-γ-secreting cells do not favor any one of above possibilities, but confirms that NK cells are participating in the response.
In summary, we observed the innate immune response to nickel ions by NK cells. The nickelresponsive IFN-γ secretion by mouse splenic NK cells was rapid and involved the NKG2D receptor. We do not think that the nickel hypersensitivity could develop only through the innate response to nickel ions in the absence of adaptive immunity by nickel-specific T cells although there are reports showing a contact hypersensitivity that is dependent on NK cells and independent of T and B cells (O'Leary J et al., 2006) . IFN-γ secreted by activated NK cells may activate dendritic cells, resulting in the provision of costimulatory signals for T cells. Once nickel-responsive T cells are induced partly by acti-vated dendritic cells after initial exposure to nickel and later participate in the local reaction, they may induce a classical delayed type hypersensitivity response. We think that nickel challenge itself may be a weak stimulus and not sufficient to trigger the full activation of naive nickel-specific T cells and hypothesize that other environmental stimuli such as other pollutants and concomitant microorganisms may provide stronger costimulatory signals to trigger the nickel-responsive T cell immune response fully and clinical nickel allergy.
Methods
Mice
C57BL/6 mice and Rag1-deficient mice (C57BL/6 background) were purchased from Orient Bio (Sungnam, Korea) and Jackson Laboratory (Bar Harbor, ME), respectively. Rag1
-/-mice were housed and bred in the specific pathogen-free facility. Mice were used at 6-8 weeks of age. All procedures were approved and guided by the institutional animal committee at Sungkyunkwan University School of Medicine.
In vitro nickel stimulation and ELISPOT assay
Wells of MultiScreen-IP plates (Millipore, Billerica, MA) were coated with 50 μl either one of capture rat antibodies dissolved in PBS that were specific for mouse IFN-γ (100 μg/ml), IL-2 (100 μg/ml) or IL-4 (100 μg/ml). After incubation overnight at 4 o C, unbound antibody was removed by three times of washing with PBS. The coated wells were blocked with 1% BSA fraction V (Sigma-Aldrich, St. Louis, MO). After 2 h at room temperature, the blocking medium was discarded and wells were washed three times with PBS. Then 1 × 10 6 mouse splenic cells were plated in complete RPMI 1640 medium (94% RPMI 1640 + 5% FBS + 1% L-glutamine) within each well and treated with LPS, anti-CD3 antibody, or various concentrations of NiSO4. RPMI 1640 was from BioWhittaker (Walkersville, MD); FBS from Gibco-Invitrogen (Carlsbad, CA). After 24 h of incubation at 37 o C on 5% CO2, wells were washed three times with PBS and three times with PBS/0.05% Tween-20 to remove cells. To detect secreted cytokines, 50 μl of 50 μg/ml biotinylated detection antibody against mouse IFN-γ, IL-2, or IL-4 were added per well. After incubating overnight at 4 o C, the plates were washed three times with PBS/0.05% Tween-20 and then incubated with streptavidin-HRP in PBS/BSA/Tween for 2 h at room temp. The spots were developed by using AEC (Pierce Pharmaceuticals, Denmark) development solution and the reaction was stopped by washing plates with tap water. Spots were counted by using Immunospot S4 Pro Analyzer (Cellular Technology Ltd., Cleveland, OH). All antibodies for ELISPOT were purchased from BD Biosciences (San Jose, CA).
Nickel sensitization, NK cell depletion, and flow cytometric analysis
To sensitize mice to nickel, mice were intraperitoneally injected with 300 μl of 10 μM NiSO4 mixed with 300 μl alum (Inject Alum, Pierce). 2 or 4 weeks later after injection, mouse splenocytes were used for the ELISPOT analyses. For depletion of NK cells in other experiments, mice were injected intraperitoneally with 25 μg anti-NK1.1 (BioLegend, San Diego, CA) in 300 μl PBS on days 0, 3 and 6. On day 8, mice were sacrificed and spleens were harvested. Depletion of NK cells was confirmed by flow cytometric analysis. The conditions for the ELISPOT analysis were same as described above.
Anti-NK1.1-biotin, anti-CD49b-biotin, streptavidin-PE and streptavidin-FITC (BD Biosciences) were used for flow cytometric analyses. To analyze splenocytes, red blood cells were lysed by incubation in lysis buffer containing 17 mM Tris and 140 mM NH4Cl for 5 min at room temperature. Cells were washed with PBS, counted and incubated for 30 min at 4 o C with antibodies and washed three times with PBS containing 2% FBS and 0.05% sodium azide. Data acquisition and analysis was done on FACSCalibur (BD Biosciences) using CellQuest software.
Statistical analysis
For statistical analysis, Microsoft Excel 2003 (Microsoft Corporation, Redmond, WA) and SPSS version 14 (SPSS Inc., Chicago, IL) were used. P ＜ 0.05 was considered statistically significant for all tests. Additional post-tests for ANOVA were performed only when ANOVA showed significant difference.
